[1] Using the Regional Ocean Model System, the ocean circulation on the East China Sea (ECS) shelf was examined by a fine-resolution model which was nested in a coarseresolution Pacific Ocean model. The high-resolution simulation shows an accurate volume transport of 2.70 Sv (Sv ≡ 10 6 m 3 s −1 ) through the Tsushima Strait, which is more consistent with the previous 5.5 year observation value (2.64 Sv) than former model results. For the Taiwan Strait it also shows a close volume transport (1.03 Sv) to a recent estimate (1.20 Sv). At the same time the model results reproduced almost all of the known circulation structure on the ECS shelf. In addition, the hindcast of 2009 shows a Kuroshio Bottom Branch Current to the northeast of Taiwan (KBBCNT). The KBBCNT is confirmed by the observational bottom high-salinity water (from 15 August to 2 September 2009) whose distribution is also reproduced by the model results. Tracer and particle experiments were carried out to elucidate the formation of the high-salinity water and the pathway of the KBBCNT. In light of the field observation and numerical experiments, a new pathway of the KBBCNT is proposed: bifurcated from the subsurface water of Kuroshio northeast of Taiwan, it upwells northwestward gradually from 300 to 60 m, then turns to northeast in the region around 27.5°N, 122°E, and finally reaches 31°N off the mouth of the Changjiang River along ∼60 m isobaths, forming the bottom saline water off the coast of Zhejiang province, China.
Introduction
[2] The East China Sea (ECS) continental shelf is an extremely dynamic oceanic region which is influenced by the South China Sea (SCS) water passing through the Taiwan Strait (TS), the Yellow Seawater by the China Coast Current (CCC), the Changjiang River, one of the biggest rivers by discharge volume in the world, and Kuroshio, the western boundary current of the North Pacific subtropical gyre. The Kuroshio is considered to enter the ECS through the so-called East Taiwan Channel between Taiwan and Yonaguni-jima Island (YJI; see Figure 1 ) which lies 108 km from the east coast of Taiwan and is the southernmost one of the Ryukyu Islands chain. Under the constraint of the steep ECS continental slope, the mainstream of the Kuroshio in the ECS runs stably along the 200 m isobath at a maximum velocity of 0.75-1.5 m s −1 [Nitanni, 1972] . Passing through the Okinawa Trough, the Kuroshio hugs the shelf break of the ECS until it approaches the shoaling northern end of the trough, where it separates from the shelf and bends east-southeastward. After it turns eastward around 30°29′N latitude and 129°E longitude [Qiu and Imasato, 1990] , the Kuroshio separates from the continental margin, and eventually flows into the Pacific Ocean through the Tokara Strait. The Kuroshio influences not only global ocean climate variations but also the regional ocean system on the ECS continental shelf. The ECS circulation pattern is largely controlled by the Kuroshio which influences the water and heat exchanges of the ECS with the open sea. Therefore, it is a key point in modeling the ECS ocean circulation that the regional ocean model is capable of reproducing the major characteristics of the Kuroshio. However, the results of a local marginal sea model depend closely on the artificial boundary conditions along the open boundary, where the vertical structures of current as well as their temporal variations are usually unknown [Guo et al., 2003 [Guo et al., , 2006 .
[3] According to methods dealing with the open boundary, numerical simulation studies of ocean circulation on the ECS continental shelf are categorized into two categories: (1) open boundary conditions (temperature, salinity, volume transport, etc.) are prescribed in line with the observed values while the open boundaries without observation are set to be artificial sidewall [Chang and Isobe, 2003; Lee and Chao, 2003; Lee and Matsuno, 2007; Kako et al., 2010] ; and (2) open boundary conditions are provided by coarse-grid global model or basin-scale ocean model [Guo et al., 2003 [Guo et al., , 2006 Wu et al., 2008] . In the first category, high-resolution data both in space and time along the open boundaries are frequently unavailable, because the range of open boundary is too large to be surveyed continuously. However, artificial sidewall will influence the water and heat exchanges between open sea and model domain, and it, in turn, will change the circulation pattern there. Only a global ocean model could avoid the problem of open boundary conditions but the computer resources limit its resolution, which is crucial to resolving the shelf break of the ECS [Guo et al., 2003] . A nested model can be a solution to the dilemma between model resolution and model domain. One of the most notable works in the second category has been done by Guo et al. [2003] . Using the one-way nested method, Guo et al. [2003] have developed a triply nested prognostic model with 1/18°( ∼6 km) horizontal resolution for the eastern Asian marginal seas covering the ECS, which is nested in a 1/6°horizontal-resolution model whose boundary conditions are derived from a coarse-resolution (1/2°) Pacific Ocean model. Guo et al. [2003] suggest that a numerical model needs to have a grid size less than 10 km to simulate correctly the Kuroshio pattern because the continental slope in the ECS has a gradient of as much as 800 m in 20-30 km. The 1/18°horizontal-resolution model of Guo shows relatively accurate Taiwan Warm Current (TWC) and Kuroshio patterns [Guo et al., 2006] , although there is a big discrepancy between the modeled volume transport across the Taiwan Strait (TS) 1.71 Sv [Guo et al., 2006] and the recent value 1.20 Sv [Isobe, 2008] . In addition, there is an overshooting of Kuroshio Extension in the results of Guo et al. [2003, Figure 6 ] which may be caused by his coarse resolution (1/2°, ∼54 km) of Pacific Ocean model. As reported by Hasumi et al. [2010] , a horizontal grid size of 20 km at ∼30°N is a threshold to its proper representation. Therefore in this paper, the resolution Figure 1 . Bottom topography and schematic of summer circulation pattern in the southern ECS. The 50, 100, 200, and 500 m isobaths are shown. YJI, Yonaguni-jima Island; MHC, Mien Hwa Canyon; TWC, Taiwan Warm Current; FZCC, Fujian Zhejiang Coast Current, which flows southward in winter [Guan and Fang, 2006] ; and KBC, Kuroshio Branch Current [Qiu and Imasato, 1990] .
(1/6°× 1/6°cos', ∼16 km at ∼30°N) was used in the whole Pacific Ocean to produce accurate boundary conditions for the ECS numerical simulation, while the fine resolution (1/12°× 1/12°cos', ∼8 km) was used in the ECS.
[4] Despite recent progresses in observational oceanography and numerical simulation studies, the Kuroshio Branch Current to the northeast of Taiwan (KBCNT) (especially the intrusion path of the KBCNT in the deep and bottom water on the ECS shelf) is still a question of debate [Isobe, 2008] . Off the northeastern coast of Taiwan, the northeastward Kuroshio is blocked by steep, north-south running breaks of the ECS and then separated into two parts: the mainstream and its branch [Kondo, 1985; Tang et al., 2000] , the KBCNT. As regards the existence and pathway of the KBCNT, there are different opinions among scientists.
[5] Some scientists [Guan, 1978 [Guan, , 1994 [Guan, , 2002 Guan and Mao, 1982; Fang et al., 1991; Guo et al., 2004] favor the ECS circulation schematic in summer where the KBCNT cannot be found in the southern ECS which is mainly occupied by the Taiwan Warm Current (TWC; see Figure 1 ). The TWC was initially proposed as an independent current in the ECS by Guan in 1964 [Guan, 1978] . In summer, the TWC flows to the NNE in the longitudinal direction of the TS off Fujian-Zhejiang coast with a stronger speed of about 20-40 cm s −1 , and turns to the ENE off the mouth of the Changjiang River with a weaker speed of about 10 cm s −1 ; in addition, between the TWC and Kuroshio, there are weak (∼10 cm s −1 ) northeastward offshoot currents which are continuously separated from mainstream of TWC north of 28°N [Guan and Fang, 2006] . As to the TWC north of 28°N, Su and Pan [1987] proposed that near the 28°N, the TWC bifurcates into two branches: inshore branch (TWCIB, this is the traditional TWC) which flows northward and turns to the northeast off the mouth of the Changjiang River, and offshore branch (TWCOB) which first flows anticyclonically, then turns cyclonically and finally joins the western flank of the Kuroshio. In addition, it is noteworthy that the TWC is considered as a part of the Taiwan-TsushimaTsugaru Warm Current System which originates from the Taiwan Strait, flows over the continental shelf of the ECS, intrudes into the East Sea (Japan Sea) through Tsushima Strait, and finally enters the Pacific Ocean through the Tsugaru Strait [Fang et al., 1991] .
[6] However, Kondo [Kondo, 1985] presented schematic diagram of the ECS current system in summer, showing a nearly northward current which is separated from the Kuroshio northeast of Taiwan and flows roughly along the meridian of 124°E to the area about 100 miles east of the Hangzhou Bay. This current is called the KBCNT [see Ichikawa and Beardsley, 2002, Figure 6] or "Kuroshio Separation." In addition, a small eastward or northeastward bifurcation may occur from the KBCNT near 28°N. The KBCNT presented by Kondo was based on an analysis of mean distribution of water properties at 50 m depth; its position is farther offshore than that of the TWC. Qiu and Imasato [1990] pointed out that the KBCNT does really exist, but the KBCNT has a tendency to turn to ESE near 27°N to rejoin the mainstream of the Kuroshio after it impinges onto the continental shelf north of Taiwan (Figure 1 ). However, in the schematic representation of the ocean current system in the ECS, Hishida [1994] still used almost the same path of KBCNT as Kondo did in 1985. On the basis of current measurements made at two mooring stations in the offshore area north of Taiwan from July 1980 through June 1981 , Chern and Wang [1989 found that the Kuroshio Branch Current (KBC; see Figure 1 ) occurred at depths below 60 m, with speeds of about 10-20 cm s −1 in summer, where the water depth is about 120 m. The current flows northwestward along the northern coast of Taiwan and is a major source of the cool, saline water over the shelf of the southwestern ECS, that is, it is the major source of the TWC in deep and bottom layers. The observational results of Wang [1989, 1990] were supported by a two layer numerical circulation model of the ECS by Liang and Su [1994] , which indicated that the Kuroshio northeast of Taiwan always intruded onto the ECS shelf, but manifested itself chiefly in the lower layer; and after intruding onto the ECS shelf, most of the lower-layer Kuroshio water turned anticyclonically, forming the outer branch of the lower-layer TWC. Therefore, the KBCNT suggested by Kondo [1985] does exist, but it appears only in the subsurface layer (below about 60 m depth) and flows northwestward along the north coast of Taiwan rather than straightforwardly along the meridian of 124°E to the offshore area 100 miles away from Hangzhou Bay as Kondo [1985] depicted. According to Ichikawa and Beardsley [2002, Figure 10 ], a short KBCNT was marked to the east of the TWC (i.e., the KBCNT north of 29°N did not exist and turned to NE or SE).
[7] Besides the above investigations, the following points of view on the circulation pattern north of Taiwan are worth mentioning. From the 30 m and 100 m isobaths vector maps of composite current velocity which were measured by Shipboard Acoustic Doppler Current Profiler (Sb-ADCP) during 1991-2000 [Liang et al., 2003, Figure 4] , it can be easily found that there is a northwestward flow at the depths of 30 and 100 m in the region around 25.3-25.8°N, 121.7-122.2°E, respectively. At 30 m depth the current goes northward along the meridian of 122.0°E, however at 100 m depth it turns anticyclonically and goes northwestward, intruding onto the southern ECS shelf. Off the mouth of the Changjiang River, in the area of 122°.20′-123°.10′E, 31.00-32.00°N, the Kuroshio subsurface water (KSSW) was found in the deep and bottom layers, and contributed abundant nutrients to the upper water by upwelling [Zhao et al., 2001] . The TWC surface water and Kuroshio surface water are devoid of nutrients, whereas the KSSW are rich in nutrients [Zhang et al., 2007] . Though the KSSW was found in the deep and bottom waters off the mouth of the Changjiang River, the question how the KSSW be carried to that area, has not yet been entirely resolved. Simultaneously, the detailed current distribution of the KBC at a depth of 100-200 m north of Taiwan, is still unknown, although the Kuroshio no doubt intrudes onto the ECS northeast of Taiwan crossing the shelf break of the ECS [Isobe, 2008] .
[8] Obviously, on the southern ECS shelf, TWC [Guan, 1978] and KBCNT [Kondo, 1985] seems to be mutually exclusive, otherwise the TWC would be crossed by the KBCNT. Compared with the KBCNT and the TWC, the KBC [Qiu and Imasato, 1990 , Figure 1 ] seems to a more reasonable current pattern, but KBC cannot explain the bottom high-salinity water off Zhejiang coast.
[9] A fine-resolution model has been developed for ECS in this paper, and it was used, together with field observation, to investigate the intrusion of KBCNT. This paper is organized as follows. Model details are provided in section 2. Model results and comparison with observation are shown in section 3. In section 4, numerical experiments, together with observation data analysis, were conducted to investigate the bottom branch of Kuroshio. Section 5 gives the conclusion.
Model Descriptions
[10] The ROMS is a three dimensional, free surface, hydrostatic, primitive equation numerical ocean model based on the nonlinear terrain-following coordinate (s coordinate) of Song and Haidvogel [1994] . The horizontal and vertical diffusions are calculated using the Smagorinsky diffusion parameterization and the KPP scheme [Large et al., 1994] , respectively. Details of the ROMS computational algorithms are suggested by Shchepetkin and McWilliams [2005] .
[11] As to North Pacific modeling, Hasumi et al.
[2010] pointed out that a horizontal grid size of 20 km at ∼30°N is a threshold to the proper representation of Kuroshio Extension and separation. In the modeling of ocean circulation on the ECS shelf, it was reported by Guo et al. [2003 Guo et al. [ , 2006 that the model resolution should be less than 10 km to resolve the steep shelf break in the ECS along which the Kuroshio flows. In addition, the model needs to resolve the vertical structure of the Kuroshio because the interaction between topography and baroclinicity is crucial to the cross-isobath currents in the ECS [Guo et al., 2006] . Therefore, to achieve high resolution in the Kuroshio region in Nest1 (Figure 2 ), we use the 2/1 grid ratio to decrease the grid size from 1/6°× 1/6°cosF (∼18 km, where F is latitude) in Nest1 (98°E-112°W; 40°S-67°N) to 1/12°× 1/12°cosF (∼8 km) in Nest2 (116°E-136°E; 21°N-41°N). In both models, the model domain is divided into 26 s coordinate levels in the vertical, using the same parameters of s coordinate [Song and Haidvogel, 1994] but Tcline (a positive thickness controlling the stretching of s coordinate) which is 5 m in Nest2 and 10 m in Nest1, respectively. The bottom topography is extracted from a combination of two topographic data sets ETOPO5 and ETOPO1 (http://www. ngdc.noaa.gov/mgg/global/). One modification is done to the original topography data: setting the minimum (10 m in Nest1 and 5 m in Nest2) and maximum (6500 m in Nest1 and Nest2) depths.
Initial Conditions
[12] The climatology monthly mean temperature and salinity in January derived from WOA09 (http://www.nodc. noaa.gov/OC5/WOA09/pubwoa09.html) are used to initialize the Nest1 model. The initial current velocity of Nest1 is set equal to the combination of geostrophical current and Ekman current which are calculated from the temperature and salinity data of WOA09 according to the Sverdrup Theory [Pedlosky, 1996] . A correction with respect to surface temperature, dQ/dSST derived from bulk formulas, is used to introduce thermal feedback [Marchesiello et al., 2001] . The Sea Surface Height (SSH) is nudged by the monthly mean SSH fields from the DUACS delayed time product (http:// www.aviso.oceanobs.com/duacs/).
Open Boundary Conditions
[13] Four lateral boundaries of Nest1 are treated as wall for simplicity. This simplicity is acceptable because the boundaries are far away from the Nest2. As for Nest2, the boundary condition is treated in the following manner. First, the depths Figure 2 . Domains of one-way nested models Nest1 and Nest2. Topography is based on ETOPO5 and ETOPO1.
of Nest2 along the boundary are set equal to those of Nest1. Next, along the boundaries of Nest2, the unknown variables, that is, elevation, velocity, temperature and salinity, are obtained by spatial (bilinear) interpolation of the Nest1 model results. In addition, before the results of Nest1 model are supplied to Nest2 model, the volume transport is modulated smoothly to guarantee the conservation of volume flux through the open boundaries of Nest2.
[14] Both Nest1 and Nest2 models use the sponge and nudging layers. The values of the sponge and nudging parameters vary as cosine function from a maximum at the boundary to zero at the inner edge of the layer; the layer width is set to 100 km (i.e., on the order of mesoscale structures); and the maximum viscosity/diffusivity values for the sponge layer are set to 100/50 m 2 s −1 on the basis of the results of Marchesiello et al. [2001] .
Climatology Runs
[15] For spin-up of Nest1 model, it is integrated for 30 years and forced by monthly mean climatology data varying in time with an annual cycle of 360 days. The climatology data are composed of the monthly mean wind stresses, net heat fluxes, net fresh water fluxes, surface solar shortwave radiation, sea surface temperature (SST), and sea surface salinity (SSS) from COADS [Diaz et al., 2002] .
[16] Thereafter, the Nest2 model starts from the initial conditions interpolated from the Nest1 results, is forced by the same surface conditions as Nest1, and is integrated for 10 years for spin-up.
Hindcast Runs
[17] During hindcast duration from January 2000 to January 2010, Nest1 and Nest2 start from the results of climatology runs, and are forced by the daily mean wind stresses, net heat fluxes, net fresh water fluxes, and surface solar shortwave radiation derived from ERA-interim (http://data-portal.ecmwf.int/data/d/interim_daily). Different to monthly mean forcing data of climatology runs, SST is derived from weekly mean data (http://data.nodc.noaa.gov/ pathfinder/), and the SSH is also derived from weekly mean data (http://www.aviso.oceanobs.com/duacs/). In addition to these factors, the daily mean discharges (http://xxfb. hydroinfo.gov.cn) of Changjiang River are added to the models. It is noteworthy that the Nest2 model is also forced by tidal forcing (10 constituents) from the TPXO7 [Egbert and Erofeeva, 2002] .
[18] These simulations are performed on 768 processors (forty-eight 16 processor nodes) of the massively parallel computer at the High Performance Computational Center, Institute of Oceanology, Chinese Academy of Sciences (IOCAS). Monthly simulations of Nest1 model could usually be performed in 0.5 h.
Model Results
[19] Figure 3 depicts the time evolution of volumeintegrated kinetic energy (KE) for the entire volume in Nest1 model. The volume-integrated KE shows a clear seasonal cycle, while it exhibits interannual variability as a consequence of the intrinsic variability owing to mesoscale instability of the seasonally forced currents. After a spin-up period of about 30 years, the volume-integrated KE has a tendency to oscillate slowly around an equilibrium value. The volumeintegrated KE of hindcast of (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) is larger than that of climatology run, because the climatology forcing data is smoothed over a period of one month.
Circulation Pattern and Volume Transports
[20] Figure 4 shows the monthly mean current distributions at the 20 m depth in August and February, the tenth year of climatology run of Nest2. These current distributions are typical summer (Figure 4a ) and winter (Figure 4b ) circulation and 100 km, respectively. Also evident is that the TWC originates from Taiwan Strait and flows strongly into the ECS. Initially, TWC flows northeastward as whole, and then divides into two branches near 27°N: one strong inshore branch and one weak offshore branch. The inshore branch flows northeastward near the 50 m isobath and finally into Tsushima Strait, while the offshore branch flows northeastward and joins into the mainstream of Kuroshio. However, it is worth noting that the KBCNT reported by Kondo [1985] , cannot be found in the current distribution at the 20 m depth.
[21] In addition to the current distribution, the volume transports through four cross sections in Figure 5 , are also compared with the results of previous researchers. The water on the continental shelf of ECS is mainly exchanged through the Taiwan Strait (TS), the Tsushima Strait (TUS), the Tokara Strait (TKS), and the section east of Taiwan (ET). The climatology run of Nest2 shows that the time-averaged volume transport through the TS is 1.03 Sverdrup (Sv), with a maximum (∼2.32 Sv) in summer and a minimum (∼0.18 Sv) in winter ( Figure 6 ) which is consistent with the estimate (0.14 Sv) by Teague et al. [2003] on the basis of data from four moored ADCPs from October through December 1999. The time-averaged volume transport through sections ET (i.e., east of Taiwan) and TKS (i.e., Tokara Strait) are 21.37 and 20.66 Sv, respectively, while the seasonal variation of time-averaged volume transport through section ET as well as section TKS, is weak. The time-averaged volume transport Table 1 is made to illustrate the differences among them. Interesting to note is that the volume transports of TUS and TS agree very well with the generally accepted value Figure 6 . Time series of monthly mean volume transport through the entire water depth of four cross sections (see Figure 5) . 
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1.2 Sv in section TS and 2.65 Sv in section TUS [Isobe, 2008] , respectively.
Vertical Salinity Distribution Comparison Between Observational Data and Model Results
[22] Thirty two stations were occupied by the ECS summer cruise conducted by the Xiamen University (XMU) in the period 15 August to 2 September 2009 along five transects normal to the coast of the ECS (Figure 7) . The profiles of temperature and salinity were measured by conductivitytemperature-depth pressure sensors (CTD).
[23] To examine vertical structure of model results, hindcast results of Nest2 obtained during the same period as that of the actual cruise, were compared with the observed salinity distributions along transect of DH2, DH3, DH5 and KP. There are very good agreements between the observed and modeled salinity (Figures 8-11 ). The high-salinity cores in deep water (Figures 10 and 11) , and less saline water in the central parts of the survey transects, are all clearly reproduced in the model results. The appropriate representation of the vertical structure of the salinity makes the Nest2 model strong enough to delineate the delicate structure of the KBBCNT.
[24] Salinity distributions in four cross transects (DH2, DH3, DH5, and KP; see Figures 8-11 ) demonstrate that in summer, high-salinity waters (S >34.2) exist in the deep water of the survey domain but not in the northern end part of the Taiwan Strait (see western stations KP01, KP04, and KP07a in Figure 8 ), and that in the central parts of the bottom waters of transects DH2 and DH3 (Figures 10 and 11) , a less saline water (S <34.2) seems to separate saline core 1 from saline core 2 (Figures 10 and 11) . The central low-salinity water is relatively homogeneous in contrast with the saline cores. From transect KP (Figure 8) and Chung et al. [2001, Figure 4 ], it can be found that in summer, the maximum salinity of the northern end part of Taiwan Strait is less than 34.2 which is worth bearing in mind. Therefore, the bottom high-salinity water, no doubt, does not originate from the Taiwan Strait Water (TSW), while the upper low-salinity water does stem mainly from the TSW. The TSW is the major water mass observed at the upper layers of transects, but does not account for all waters on them [Su and Wong, 1994] . At the same time, pointed out that the surface water of TWC was formed by the mixing of Kuroshio surface water flowing northeastward with the Taiwan Strait Water, while the deep water originated from Kuroshio subsurface water east of Taiwan. Guo et al. [1985] guessed that there may be a channel through which the Kuroshio subsurface water flows onto the shelf of the ECS. [25] In addition, the less saline water (S <34) derived from the Changjiang is not well reproduced in the model, because the time series (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) of observational salinity data of Changjiang River at the point sources of model domain are unavailable for us, and the salinity data of Changjiang River interpolated from COADS (its horizontal resolution is 1°× 1°; see Diaz et al. [2002] ) has been used instead in the hindcast run.
Kuroshio Bottom Branch Current to the Northeast of Taiwan
[26] It is worth noting that the hindcast (August 2009) of Nest2 shows a Kuroshio Bottom Branch Current to the northeast of Taiwan (i.e., KBBCNT) in summer. Figure 12 shows that at the bottom layer (around 27.0°N, 121.5°E), the KBBCNT flows northwestward (big arrows in Figure 12b ), different to the TWC (big arrow in Figure 12a ) which flows northeastward at the middle layer. Salinity distributions in four cross transects (DH2, DH3, DH5, and KP; see Figures 8-11 ) confirms the circulation pattern of KBBCNT and TWC. By tracing the bottom cold water, Su and Pan [1987] pointed out that in the region around 26.0°N, 122.2°E, the bottom current is northward in spring and summer which also confirms the model results.
[27] Since the bottom pathway of Kuroshio subsurface water (i.e., the KBBCNT) is often subject to debate [Kondo, 1985; Guan and Fang, 2006; Isobe, 2008] , the KBBCNT in summer is further discussed in section 4.
Discussion

Bottom Saline Water Observed in the Survey Domain in August 2009
[28] On the basis of the salinity and temperature data, water masses are classified according to the characteristic temperature and salinity of the water on the ECS shelf [Liu et al., 2000; Chen and Wang, 2006; Zhang et al., 2007] . A T-S diagram ( Figure 13 ) is made only from the data beneath 20 m to focus on the characteristics of the deep and bottom water on the ECS shelf.
[29] Figures 14a and 14b show the horizontal distributions of salinity at 30 m depth and at deep and bottom layers, respectively. In the salinity distribution at the 30 m depth, it is immediately clear that the less saline water comes mainly from the Taiwan Strait according to the characteristic value of salinity 33.7 [Su and Wong, 1994] , where the TWC flows northeastward in the central part of survey transects with saline waters on both sides. It is easy to understand that the eastern side saline water comes mainly from northward intruding subsurface Kuroshio water which flows northward, then turns anticyclonically and joins the western flank of the Kuroshio. However, north to the 28.5°N off the Zhejiang coast, there is also saline water on the west side of TWC. With respect to the origination of this saline water, Hu et al. [1984] pointed out that in summer, it was caused by the upwelling of deep water and elucidated further that the upwelling was not wind-driven, but controlled by a northward branch of Kuroshio. However, the bifurcation position of Kuroshio is not shown in his paper and also is the extension of the branch because of the scant data. For tracing the source of the west side saline water, the horizontal distributions of salinity at the deep and bottom layer are shown in Figure 14b , and it can be easily found that at the bottom layer, the west side saline water is linked continuously to the mainstream of Kuroshio. Interesting to note is that in Figure 14b , there is a saline tongue which originates from the subsurface water of Kuroshio to the northeast of Taiwan, extends northwestward gradually from 300 m to 60 m, then turns to northeast in the region around 27.5°N, 122°E, and finally reaches at 31°N off the mouth of the Changjiang River along about 60 m isobath. And besides this, in the central parts of northern transects (Figure 14b ), there is a less saline water (<34.1) which seems to separate the saline tongue from the eastern saline water which is the upwelled subsurface Kuroshio waters near the shelf break of the ECS [Su and Wong, 1994; Liu et al., 2000] . Explicitly, the saline tongue (Figure 14b ) is a strong indicator that there is a northwestward flowing current (i.e., KBBCNT).
[30] Regarding the source of saline core 1 (Figures 10 and  11) , it, explicitly, is very unlikely that the bottom waters at stations DH32-33 and DH22 could have come from the east across the shelf of the ECS since the bottom Ekman pumping [Pedlosky, 1979] are not strong enough for waters deeper than 200 m to climb shoreward to the 60 m isobath. Therefore it is very likely that there is a Kuroshio branch denoted by dash line arrows in Figure 14b , which is bifurcated from the subsurface water of Kuroshio off northeastern Taiwan, and intrudes northwestward onto the shelf, carrying high-salinity water. In detail, Figures 9, 10, and 11 show that at transect DH5, it is difficult to distinguish the branch of Kuroshio from the mainstream of Kuroshio, but the more northern the transect is, the easier it is to be identified.
[31] In light of above analysis of the salinity characteristics, it is proposed that the bottom saline tongue is formed by a Kuroshio Bottom Branch Current to the northeast of Taiwan (i.e., KBBCNT). Figure 14a and Kuroshio in Figure 14b , respectively.
[32] Being lack of direct current measurements, numerical model (Nest2) is used to investigate the formation of the saline tongue off the coast of Zhejiang (Figure 1) , and to clarify the pathway of the KBBCNT in detail. Passive tracer experiments are adopted to represent its horizontal and vertical distributions on the shelf of ECS, and particles experiment to elucidate the track of the water of KBBCNT.
Passive Tracer Experiments
[33] Tracer experiments 1 and 2 were carried out to elucidate the features of the KBBCNT. In tracer experiment 1, the distribution of tracer is controlled by the advection and diffusion terms, while in tracer experiment 2, the tracer is transported only by the advection term. In both tracer experiments, the tracer is released along a section TRS in Figure 15 on 1 July 2009, and then the tracer value is fixed to 100 after that time. The formulations of both tracer experiments are offered as follows.
Tracer Experiment 1
[34] [36] Figure 16 shows the distributions of tracer value from tracer experiment 1 and 2 along transect DH3. To our surprise, each saline core of DH3 is represented by a high trace value core. It means that the saline water at the bottom layer of transect DH3 comes from subsurface water of Kuroshio at section TRS. The mixing process may affect the distribution feature of the tracer value to the extent that the distribution of tracer value does not represent the really distribution of the Kuroshio subsurface water. To clarify the question, tracer experiment 2 was carried out. Figure 16 demonstrates that the high tracer core distribution is mainly controlled by advection process, though the mixing process is important. Therefore, the saline water of saline core 1 in DH3, no doubt, stems from the Kuroshio subsurface water east of Taiwan.
[37] The tracer distributions at middle layer and bottom layer are represented by Figure 17 to depict the horizontal distribution of the Kuroshio subsurface water. It is satisfactory that the salinity distribution features (Figures 14a and  14b) are reproduced again by the tracer value distribution in Figure 17 . The low-salinity area in Figure 14a is occupied by the low tracer value area in Figure 17 (left); and on the both sides of low-salinity area of Figure 14a , there are two highsalinity areas which are also reproduced by the distribution of high tracer value in Figure 17 (left). In the tracer distribution at the bottom layer, the same situation appears again that the tracer value exactly delineate the feature of the saline tongue in Figure 14b . Thus, tracer experiments tell us that the bottom saline waters might very well originate from the Kuroshio subsurface water east of Taiwan (filled area of Figure 15 , right). For these reasons, it is most reasonable that the trajectories of tracers from the Nest2 model will be believable. [38] In a word, if the tracer is released along section TRS (Figure 15 ), we can gain most of the features of the salinity distribution on the shelf of the ECS. To see clearly the trajectories of tracers, a particle tracking experiment was done.
Particle Tracking Experiment
[39] The hindcast duration of Nest2 is from 1 January 2000 to 1 January 2010, while the particles are released on 1 July 2009 in Nest2 model to simulate the feature of KBBCNT in the duration of summer cruise. Figure 18 demonstrates the initial locations of particles and the trajectories of the particles.
[40] Obviously, these trajectories can be classified into two typical current patterns: Kuroshio mainstream (trajectories of particles 2 and 3), and KBBCNT (trajectory of particle 1). Particles 2 and 3 are released near 240 m depth, and the trajectories of them clearly delineate the track of the mainstream of Kuroshio which flows along the shelf break of the ECS. The most noteworthy feature of the tracks is that released near 240 m, particle 1 supplies us with a surprising trajectory which originates from the subsurface water of Kuroshio, then runs northwestward through the channel between MHC and Taiwan, next upwells northward gradually from 158 to 71 m, is trapped by the upwelling off the coast of Zhejiang province at 29°N staying there for 20 days, and finally reaches at 30°N trapped by upwelling there again. This trajectory is exactly coincident with the location of saline tongue of Figure 14b . According to the trajectory of particle 1, it is no doubt that the KBBCNT does exist and the saline water carried by it causes saline core 1 off the coast of Zhejiang.
[41] On the basis of the above analysis, we propose that there is a current (i.e., KBBCNT) which originates from Kuroshio subsurface water, upwells northwestward gradually from 300 to 60 m northeast of Taiwan, then turns to northeast in the region around 27.5°N, 122°E, and finally reaches at 31°N off the mouth of the Changjiang River following about 60 m isobaths, carrying high-salinity water. The TWC flows, like an overpass, northeastward over the KBBCNT (Figure 19 ). The pathway of the KBBCNT is different to the KBCNT [see Ichikawa and Beardsley, 2002, Figures 6 and 10] . The KBCNT cannot explain simultaneously the central low-salinity water and saline core 1 in DH3 (Figure 11 ). This question can be avoided by the pathway of KBBCNT which causes saline core 1 in DH3 and the central low-salinity water in DH3 is caused by TWC which strides over the KBBCNT (Figure 19) .
[42] The ADCP observations conducted by various researchers demonstrate that the connectivity of the volume transport is incomplete between the Tsushima (2.6 Sv) and Taiwan Straits (1.2 Sv) [Isobe, 2008] . The remaining 1.4 Sv must be supplied by the onshore Kuroshio intrusion crossing the East China Sea shelf break. The KBBCNT, no doubt, have played a very important role in this process. Figure 20 shows the volume transport distribution along the section between Taiwan and Japan (TJ in Figure 5 ) in summer. The Kuroshio intrusion occurs in several places along section TJ, most notably to the northeast of Taiwan and to the southwest of Kyushu. In summer, the volume transport of the KBBCNT and KBC together is about 1.64 Sv in Figure 20 . Therefore, a lot of materials can be transported from the east of Taiwan to the area off the mouth of the Changjiang River by the KBBCNT.
[43] As regards the dynamic mechanism of the KBBCNT, as pointed out, in the western boundary current, the cross-stream momentum equation is approximately geostrophic. Therefore, in the eastern side of Kuroshio, the height of the free surface is higher than that in the western side in summer. It is also true that in the eastern part of Taiwan Strait, the height of the free surface is higher than that of western part. Therefore, it is easily to understand that Kuroshio has a tendency to turn to left, when the Kuroshio flows northward enough to loss the blocking of Taiwan Island. In a similar way, the TWC will turn to east after it flow out of the Taiwan Strait, being lack of the blocking of Taiwan Island on its eastern side. Thus there will be a collision between the TWC and the KBC (Figure 1 ) in the surface water near 26°N where the KBC turns to northeast and has a tendency to join the mainstream of Kuroshio. The offshore branch of TWC may be created from the collision. In fact, in upper layer the Kuroshio is so strong that it prevent the TWC from turning to east and limits the TWC to the 50 m isobath after Kuroshio flows northward past Taiwan Island. And besides this, north of Taiwan the shelf break turns sharply to the east, which traps the Kuroshio and makes it to flow northeastward along the shelf break. So, off the northern coast of Taiwan, there will be a pressure gradient which points to the north. In view of the lighter TWCW, the intrusion of Kuroshio in the upper layer cannot benefit from the pressure gradient. Nevertheless, in the deeper water, the dense subsurface water of Kuroshio is favorable to impinge onto the shelf, driven by the pressure gradient and inertial effect of Kuroshio. In addition, between MHC (Figure 1. ) and Taiwan Island, there is a channel (Figure 19 ) which allows the subsurface water of Kuroshio to impinge onto the continental shelf of the ECS. This channel is exactly the place which the KBBCNT derives from; and the strength of KBBCNT depends on the width and the depth of this channel.
Conclusion
[44] The high-resolution model (Nest2) is accurate enough to reproduce volume transport (1.03 Sv) through the Taiwan Strait and volume transport (2.70 Sv) through the Tsushima Strait which is closer to recent observation value than former model results. At the same time, the model results have reproduced almost all of the known circulation structure on the ECS continental shelf. In addition, the hindcast of 2009 has reproduced the bottom high-salinity distribution characteristics of the salinity data from the summer cruise from 15 August to 2 September 2009.
[45] Tracer experiments show that the bottom high-salinity distribution on the shelf of ECS is caused by the intrusion of the KBBCNT, which has transported the saline Kuroshio subsurface water east of Taiwan to the area off the coast of Zhejiang. Furthermore, particles experiment gives the pathway of KBBCNT.
[46] On the basis of field observation data and model results, it is proposed that there is a current (i.e., KBBCNT) which originates from Kuroshio subsurface water, upwells northwestward gradually from 300 to 60 m northeast of Taiwan, then turns to northeast in the region around 27.5°N, 122°E, and finally reaches at 31°N off the mouth of the Changjiang River along about 60 m isobaths, carrying the high-salinity subsurface water of Kuroshio. The pathway of the KBBCNT is different to the KBCNT. The new circulation pattern of TWC and KBBCNT (Figure 19 ) can explain simultaneously the central low-salinity water and saline core 1 in DH3 (Figure 11 ), but the KBCNT [Ichikawa and Beardsley, 2002, Figures 6 and 10] cannot. The current pattern shown in Figure 19 roughly agrees with the TWC [Guan, 1978] in the upper layer and with the KBCNT [Kondo, 1985] in the deep and bottom layer. In addition, the volume transport of KBBCNT and KBC together, is also estimated to 1.64 Sv in summer. As Zhang et al. [2007] pointed out, the Kuroshio subsurface water is rich in phosphate. Therefore, in summer the KBBCNT can transport continuously the phosphate from the east of Taiwan to the area off the mouth of the Changjiang River where harmful algal bloom occurs frequently in summer.
